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This work was attended to the study of the accumulation of deuterium, also to the investigation of the
process of capture of deuterium in tungsten samples upon irradiation with a plasma beam. It was shown that after
irradiation on the surface, a change in the surface is observed as the development of the relief as a result of non-
uniform etching of the surface. The degree of change in the relief and structure of the surface layer of the
irradiated samples depends on the irradiation temperature. The accumulation of deuterium tungsten under
irradiation with deuterium plasma was studied. The conducted thermal desorption analysis of tungsten samples
irradiated with deuterium plasma showed that the tungsten surface is saturated with deuterium. The data obtained
by the method of emission spectrometry and thermal desorption spectrometry showed that the majority of the
captured deuterium accumulates at a depth under the 7 um.
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Introduction

Tungsten is considered as a priority material for use in the diverter region of the ITER reactor due to
such qualities as high melting point and high threshold energy of physical sputtering [1-4]. Today, one of the
main requirements for materials in contact with thermonuclear plasma is the reduction of tritium content in
these materials [5,6] fluxes of tritium and deuterium. It will be up to 1270 K [7]. It should be noted that the
investigation of the tritium inventory. In addition, the study of the accumulation of hydrogen isotopes in
tungsten materials when exposed to deuterium plasma is of particular interest for assessing the content of
radioactive tritium in reactor elements during the operation of a fusion unit [8-10].

In connection with the foregoing, the purpose of this work is to study the accumulation of deuterium in
tungsten materials upon irradiation with deuterium plasma.

1. Materials and methods

99.97% purity tungsten was selected as the object of study in accordance with the objectives. Samples
in the form of a cylinder with a diameter of 10 mm and a height of 5 mm, were cut on the EDM machine.
Before irradiation, the samples were ground and polished. Tungsten samples were irradiated with a
deuterium plasma with an ion energy of 2 keV for 180 min. Samples were irradiated at temperatures of 1273
K (sample W-D-1) and 1773 K (sample W-D-2). During irradiation, the pressure in the chamber was 2x107
Torr.

Irradiation of samples with hydrogen plasma was carried out on a plasma-beam discharge setup that
simulates plasma-surface interactions [11,12]. The plasma beam installation was developed to support the
creation and operation of the Kazakhstan Material Tokamak for testing small-scale samples of KTM
materials and equipment [13].

The study of the microstructure of tungsten samples before and after irradiation was performed using a
JSM-6390 scanning electron microscope. The elemental analysis of the surface layer of irradiated tungsten
was determined by the method of optical emission spectrometry on a Glow Discharge Spectrometer HR. The
GD-Profiler emission glow discharge spectrometer is designed to determine the mass fraction of elements in
solid samples with a pre-polished surface. The surface roughness of tungsten and the depth of craters formed
after the study on an atomic emission spectrometer were determined on a Micro Measure 3D Station three-
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dimensional contactless profilometer. The accumulation of deuterium in tungsten after irradiation with
deuterium plasma was studied by thermal desorption spectrometry using an experimental VIKA unit [14—
15]. Experimental installation VIKA allows to conduct experiments on the study of gas emission from
various materials by the method of temperature-programmed desorption in the temperature range from 390 K
to 1750 K with mass spectrometric recording of the emitted gases. The vacuum working chamber of the
VIKA unit is shown in Fig. 1.
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Fig.1. Vacuum working chamber installation VIKA
(1 - water cooling pipes; 2 - tantalum heater with crucible;3 - thermocouples BP; 4 - water cooling circuit;
5 - cover of the vacuum chamber; 6 - current leads; 7 - vacuum chamber housing)

Method of research was concluded in: the cut out sample of irradiated tungsten was degreased, loaded
into the crucible of the working chamber of the experimental setup [16]. After that, degassing of the working
chamber walls was carried out at a temperature from 473 K to 500 K for two and a half hours with
continuous pumping with a vacuum magnetic discharge pump NORD-250 and an EXT 75DX
turbomolecular pump. Then the chamber walls were cooled to room temperature, and then an experiment on
linear heating of the sample under investigation to a temperature of 1750 K with a heating rate of 15 K/min
was carried out, with a constant pumping of the evolved gases from the volume of the working chamber and
recording the partial gas pressures in the chamber. The release of H, and D, molecules was measured with an
RGA-100 quadrupole mass spectrometer. During the experiments, the time dependences of changes in the
partial pressures of gas in the vacuum chamber of the installation as a result of gas evolution from tungsten
samples in the process of linear heating of the studied samples from 390 K to 1500 K were obtained.

2. Results and their discussion

The microstructure of the surface of tungsten before and after irradiation with deuterium plasma you
can find in the Fig. 2. It can be seen from the figure that after irradiation, a change in the surface is observed
as a development of the relief as a result of non-uniform etching of the surface. The resulting relief consists
of chaotically located protrusions and depressions of various shapes. The development of the relief on the
surface of tungsten under irradiation, apparently, is due to the sputtering of the surface. Thus, differently
oriented crystals are characterized by different sputtering coefficients. In this case, irradiation at T=1773 K
leads to the formation of small cracks.
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Fig. 2. The microstructure of the surface of tungsten before (a) and after irradiation
with hydrogen plasma at T=1273 K (b) and T=1773 K (c)

The surface roughness was measured on an optical profilometer to assess the resulting of relief. It was
determined that after irradiation with deuterium plasma the surface roughness changes. For irradiated
samples at T=1273 K, the roughness parameter was Ra=0.275 pm, which is several times larger than the
original sample. After irradiation at T=1773 K, the roughness was Ra=0.453 um (Fig.3a-c).
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Fig. 3. The results of research on an optical profilometer
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Research of the accumulation of gases in samples of tungsten under irradiation were carried out by the
method of thermal desorption spectroscopy. Before conducting TDS experiments with the samples of
tungsten under investigation, an experiment was carried out on gassing from an empty crucible when it was
heated to a temperature of 1750 K at a rate of 15 K/min with a constant pumping out of the vacuum chamber.
Fig. 4 shows the characteristic time dependences of the change in the partial pressures of gases in the volume
of the working chamber when the crucible is heated.

The common view of gas evolution from an empty crucible presented in Fig. 4 may vary slightly in
subsequent experiments, but the nature of gas evolution from an empty crucible remains the same. These
dependences of gas evolution allow us to estimate the errors in the interpretation of data obtained during gas
emission from the samples under study. From these graphs it can be seen that in the fourth mass (aum 4,
corresponding to D,), no peaks of gas evolution in the region up to 1600 K are observed in which deuterium
is always present) from the elements of the design of the working chamber (growth in masses of amu 2 (H,)
and amu 3 (HD)).

Fig. 5 shows the time dependences of the change in the partial pressures of gases in the volume of the
working chamber during the TDS experiments with the W-D-1 tungsten sample.
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Fig. 4. Gas release from an empty crucible under heartening at a speed of 15 K/min

It can be seen that with a temperature of 1500 K and above, a significant increase in the gas evolution
curves for all hydrogen isotopes begins due to separation from the crucible From the gas release graphs that
was shown in Figure 4-5. This effect makes it difficult to interpret the results of TDS experiments with the
test samples, therefore, further analysis of the results was carried out in the temperature range of samples
from 300 K to 1500 K.

Figure 6 shows the temperature dependences of D2 excretion (amount 4) when the empty crucible is
heated, samples W-D-1 and W-D-1. On the graph of gas evolution D2 (amount 4) there is a pronounced peak
corresponding to the release of D2 from sample WD-1 at a sample temperature of 1223 K. The sample
temperature WD-1, at which the maximum deuterium emission occurs, corresponds to the sample
temperature the WD-1 sample was saturated on a plasma beam installation (approximately 1223-1273 K).
For the W-D-2 sample, it was not possible to fix a noticeable deuterium release due to the high background
caused by the release of deuterium from the crucible and the design elements of the vacuum chamber during
linear heating.
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Calculated from the obtained TDS dependences of the amount of released deuterium are given in Table
1. The total amount of released deuterium from the sample under study was 4,09-10™ mol despite the high
irradiation temperature. The deuterium release peak had the form of a classical diffusion peak and is
generally characteristic of the activation energy of deuterium diffusion in a sample with a value in the range
from 130 kJ/mol to 200 kJ/mol.

Table 1 - The number of released deuterium from an empty crucible and the samples under study

Calculated data Empty crucible Sample, W-D-1

The amount of deuterium released to T=1500 K, mol 2,84.101 6,93-10™

The amount of deuterium released to T=1500 K minus the background 11
. ) - 4,09-10
due to the heating of the crucible, mol

The amount of deuterium released to T=1500 K (referred to the mass of

-11
the samples) i 8,95-10

Fig. 7 shows the results of a study of tungsten samples W-D-1 and W-D-2, obtained on an optical
emission spectrometer. From Fig. 7 it can be seen that a noticeable accumulation of deuterium is observed
only in the sample W-D-1. In this case, hydrogen (deuterium) accumulates in the surface layer of the W-D-1
sample to a depth of ~7 um. At a depth of 0.5-3.0 um, a pronounced peak is observed, which is associated
with the accumulation of deuterium mainly in the near-surface layer. This means that most of the traps in the
volume of the material is not active and does not capture deuterium at the irradiation temperature (1273 K).
The TDS method showed small amounts of trapped deuterium, since the samples were irradiated at high
temperatures. And the method of optical emission spectroscopy, we obtained only the qualitative
characteristics of the distribution of deuterium. The data of both methods are consistent with the nature of the
temperature dependence. A noticeable accumulation of deuterium is observed at an irradiation temperature
of 1273 K. At a temperature of 1773 K, the accumulation is significantly reduced, which is associated with
the formation of traps with low binding energy with hydrogen.
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Fig.7. Results obtained on an optical emission spectrometer for W-D-1 tungsten samples
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Conclusion

So, it has been established that, upon irradiation of tungsten, a change in the relief is observed as a
result of non-uniform etching of the surface. The degree of change in the relief of the surface layer of the
irradiated samples depends on the irradiation temperature and at T=1773 K small cracks form on the surface.
Thermal desorption analysis showed that samples of tungsten irradiated with deuterium plasma at a
temperature of 1273 K accumulate residual deuterium. In samples of tungsten irradiated with deuterium
plasma at a temperature of 1773 K, no noticeable release of deuterium could be detected. Comparison of the
data obtained by thermal desorption spectrometry and optical emission spectrometry suggests that the
structure defect during irradiation leads to the accumulation of deuterium in the surface layer of tungsten,
despite the high irradiation temperature.
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